We present a multimodel simulation approach, targeted at understanding the behaviour of comminution and the effect of grinding aids in industrial cement mills. On the atomistic scale, we use molecular dynamics (MD) simulations with validated force field models to quantify elastic and structural properties, cleavage energies as well as the organic interactions with mineral surfaces. Simulations based on the discrete element method (DEM) are used to integrate the information gained from MD simulations into the clinker particle behaviour at larger scales. Computed impact energy distributions from DEM mill simulations can serve as a link between large scale industrial and laboratory sized mills. They also provide the required input for particle impact fragmentation models. Such a multiscale, multimodel methodology paves the way for a structured approach to the design of chemical additives aimed at improving mill performance.
Introduction
Comminution is a very energy intensive production step in the cement manufacturing, which involves the operation of large mills to achieve a desired clinker particle size distribution (PSD). In order to optimise this process, we focus on physical and chemical aspects of grinding. Industrial cement ball mills consist of a rotating dual chamber cylinder sized up to 8 m in diameter and 20 m in length. Such mills are driven by electric motors in the range of 20-40 MW, consuming 30% of the overall electrical energy dedicated to the entire production chain of cement. [1] [2] [3] [4] Most of the earlier work on modelling of clinker grinding was focused on the simulation of the charge motion using the discrete element method (DEM). Until now, numerical models based on different physical scales present in clinker and milling systems combining physicochemical aspects have not been possible to integrate into a single methodology. Various kinds of simulated systems described in this study contribute to construct a framework that captures clinker grinding in an unconventional way.
Comminution theory, as developed by process engineers, treats mills as 'black boxes', where input parameters such as speed of rotation, loading, separator efficiency and others are factors are combined in a way, such that the size reduction is related to the energy consumption. 5, 6 Such approaches are used for the design of mills; however, parameters are only interpolated within the range of experience. 7 What is missing is the physics and chemistry behind the milling process. The problem becomes particularly challenging by the interaction between processes across length scales of 10 orders of magnitude difference, from the atomistic scale, where surface formation and interactions rule, to the macroscopic scale of the machinery involving the grinding media kinematics. The mill capacity is a function of the mill, the liner design, the use of different grinding media, the charge and material grindability as well as of organic grinding aids (GAs). Academic and industrial researchers alike have been faced with the problem of isolating phenomena occurring on a reduced scale that are both accessible to available analysis techniques and representative for the complete problem.
In principle, the problem is too difficult to solve from a theoretical point of view in a closed form. Nevertheless, we exemplify atomistic force field and (micro)-mechanical models based on the DEM on different scales and explain how they can be enriched by findings from models of smaller scales (see Fig. 1 ). In situ testing of GAs in industrial cement mills under stationary conditions can only be reached after many tons of clinker are milled, rendering screening studies both costly and impractical. As a consequence, such experimental studies are often conducted in laboratory size tumbling mills (e.g. ball or planetary mills) containing grinding media that differ in size, shape and material. Since the ball kinematics may therefore not be comparable, it is unclear whether results obtained on these order of magnitude smaller mills still hold for the full scale cement mill. Obtaining suitable correspondence is far from trivial, as high efficiency separators and different process temperatures change the problem significantly. Molecular modelling can give new insights, which are not available experimentally or theoretically but essential to understand working mechanisms of GAs for improved efficiency.
The paper is organised as follows. First, we describe simulations with GAs and clinker components in atomistic force field m odels. S ubsequently, u pscaling of results over six orders of magnitude using fracture mechanics 8, 9 leads to an idealised clinker model for fragmentation simulations. This microscale model incorporates the clinker as a multicrystal material and can be used to simulate the outcome of typical situations for which fragmentation in mills occurs. The computed kinematics of a (mesoscale) laboratory mill and full scale industrial cement ball mill, expressed in terms of impact energy distribution (IED) of the particle charge, are then presented. Details are provided for further information required to be exchanged between different levels that should provide a suitable basis for a complete implementation of this multi-level, multi-model approach. Finally, we summarise and give an outlook on possible future achievements in this field.
Atomistic force field simulations of clinker with GAs
Design of efficient GAs includes many factors such as conformations of molecules on clinker surfaces, combination of polar functional groups, hydrophilic/ hydrophobic ratios, molecular size etc. 1, 10 In this paper, the main implications of molecular dynamic (MD) studies is to understand the interaction mechanisms of organic molecules with cement minerals. We are involved in the development and validation of interface force field parameters for both hydrated and unhydrated cement minerals that accurately reproduce density, lattice constants, cleavage energy, solid/liquid interfacial tension, as well as mechanical and structural properties with respect to experiment. [10] [11] [12] Note that, compared to alternative models, [13] [14] [15] our approach captures the important surface polarity and interfacial properties correctly.
We focus on the four important phases of ordinary Portland cement clinker (see Fig. 9 ), namely, tricalcium silicate (C 3 S) with Mg, Al and Fe impurities in the low per cent range (50270%), dicalcium silicate (C 2 S) containing similar metal substitutions (15230%), tricalcium alumi-nate (C 3 A) in weight percentage of 5210 and tetra-calcium aluminoferrite (C 4 AF) in weight percentage of 10215. 16 Until now, we have validated force field models of pure C 3 S (main phase of cement) and C 3 A (most reactive phase). 10, 12 We already concluded that surface polarity of C 2 S is lower than C 3 S due to the absence of oxide ions and also due to more covalent character. We also found in a preliminary simulation study that the cleavage energy of C 2 S is lower than that of C 3 S phase.
17 Ferrite (C 4 AF) is one of the most complex clinker phases in the cement and focus of cur-rent MD studies. Computed properties of C 3 S and C A 3 phases are summarised in methodology and force field validations are discussed in detail in our earlier papers on C 3 S and C 3 A. 10, 12 Chemical GAs significantly improve mill efficiency, characterised in terms of the specific surface area using Blaine fineness and sieve residues.
1 They primarily shift the PSD curve towards smaller diameters but do not seem to influence the shape of the curve considerably. Because of optical and practical restrictions, neither measurements in air nor in solvents delivers distribution curves beyond the scattering of laser PSD analysis. Using MD simulations, we relate adsorption and agglomeration energies to rank the GAs on the basis of interaction strengths with clinker surfaces as well as reduction in agglomeration energies. The agglomeration energy is the released energy when freshly cleaved surfaces (particles) come together in order to reduce specific surface area and thus cleavage/surface energy. 10 Grinding aids (mostly organic compounds) reduce the surface energy of the clinker and therefore also the energy that is released when particles agglomerate. The energy consumption decreases during grinding as a consequence of various physical and chemical phenomena happening simultaneously during the clinker milling in the presence of GAs. 1 The chemical structure of selected commercial GAs [triisopropanolamine (TIPA), triethanolamine (TEA), N-methyl-diisopropanolamine (MDIPA) and glycerine] and other organic compounds [dipropylene glycol (DPG), dipropylene glycol monomethyl ether (DPGMME) and dipropylene glycol dimethyl ether (DPGDME)] is shown in Figs. 2 and 3. Models of hydroxylated C 3 S and C 3 A surfaces are used for the simulations because the majority of commercial clinkers are mostly hydroxylated. 1, 10, 12 Interactions of DPG on hydroxylated C 3 S surface is exemplarily shown in Fig. 4a . The hydroxyl groups of the hydroxylated C 3 S surfaces are close to the polar groups of organic molecules. Adsorption of GAs occurs on the ionic clinker surfaces mostly due to hydrogen bonds, complexation of superficial calcium ions and dipolar interactions. Dipropylene glycol monomethyl ether, DPG, TEA, TIPA, MDIPA and glycerine are adsorbed more due to hydrogen bond formation. For these molecules, we find strong hydrogen bonds due to shorter O???H bond length (0.17 nm+0.03) and H-O???O bond angles close to 180u. Additionally, a weak hydrogen bond with a longer distance (0.25 nm+0.05) length and bond angle far from 180u is found. The strength of calcium ion complexation with alcohol based GAs depends upon the coordination number or number of nearest calcium ions. The adsorption strength (in kJ mol 21 molecule
21
) was found in the order TEA (-75+8) v TIPA(2100+15) * DPGDMEvMDIPA (2121+18) * DPGMMEvDPG (-151+12) * glycerine (2154+12) at 383 K temperature. Note that the values of the adsorption energy are not a measure of the performance of a GA (the correct measure is agglomeration energy) and also do not correlate with the volatility of the organic compounds (a possible measure is the cohesive energy of the pure liquid).
We computed agglomeration energies of dry and hydroxylated clinker surface (C 3 S, C 3 A) without and with GAs. Figure 4b and c gives numbers of agglomeration energies of test and commercial GAs with chemical dosages of 0.20 mg m
22
. Experimental findings also follow trends on agglomeration energy. 1, 10, 12 We presented the experimental comparison of commercial GAs on the basis of normalised Blaine fineness and sieve residue at 32 mm with respect to data of MDIPA in Table 2 . Correlation of agglomeration energy with Blaine fineness and sieve residue of clinker particles is quite consistent to predict the performance of GAs. Grinding aids help to reduce surface forces between cleaved clinker particles, which are very well captured by agglomeration studies.
These atomistic studies give an important insight into the molecular interactions; however, the direct upscaling of results is only partially possible. For sure, the mechanical, structural and surface properties of clinker phases can be embedded in an artificial clinker model that is used in DEM simulations for clinker particle fragmentation. For the ball mill simulations with clinker particles, computed agglomeration energies can be important information.
Fragmentation of artificial clinker
We simulated composite breakable particles with crystalline and amorphous phases with respective material properties (Table 3 ) using the DEM. Particle models with cohesive beam truss elements are ideal for studying dynamic fracture and fragmentation problems. As various processes take place instantaneously during a short time span, the collaborative dynamics of particles, considering Hertzian collisional repulsive contacts with friction, cohesive interaction and volumetric forces, is solved by forward integration of the equation of motion of particles. Various fragmentation mechanisms, their origin, evolution and interaction during the process were studied in detail. [18] [19] [20] [21] Clearly, clinker is a multiphase and multicrystalline material, calling for a consideration of the heterogeneity of some sort. We simplify it by considering a single crystalline phase for C 3 S and C 2 S with elements organised in a hexagonal close packing, exhibiting intrinsic cleavage planes. As multiple crystallites are involved, first, a packing of evolved single crystallites is constructed (Fig. 5a ) from a collection of single crystals following the grain size distribution of C 3 S from a representative clinker microscopic section. Interstitial spaces are then filled by randomised particles to resemble an 'amorphous phase'. 22 Finally, a spherical sample is cut from the system and impacted at different energy levels against a rigid target. In calibration simulations, we match macroscopic elastic properties and fracture energies to the values obtained from force field calculations.
Beams are removed once their elliptical breaking rule of the von Mises criterion type
a dipropylene glycol molecule on hydroxylated C 3 S surface with hydrogen bonds forming between hydroxyl groups of molecules to silicate and hydroxide groups on C 3 S surface at ball mill temperature 383 K; b computed agglomeration energy of dry C 3 S, hydrated C 3 S and in presence of DPG, DPGMME and DPGDME molecules on hydrated C 3 S surfaces at typical grinding temperature 363 K; and c reduced agglomeration energy due to presence of commercial GAs with chemical dosage of 20 mg m 22 for C 3 A and C 3 S; 12 effect of additives is similar with trend towards slightly higher agglomeration energy for C 3 is fulfilled, where 1 is the longitudinal strain, and h i and h j are the largest general end beam rotation angles connecting particle i with j. Thresholds values 1 th are sampled from a Weibull distribution. The macroscopic strength of the material can be tuned by adopting the average breaking thresholds in each material phase separately so that the ratio between the ultimate strength of C 3 S and C 3 A follows one of the respective surface energies determined by MD simulations. Additionally, the breaking thresholds were set so that the ultimate strength of a microsample C 3 A with dimensions in the range of the characteristic grain size is near 2 GPa. Damage initiates inside spherical samples above the contact zone in a region where the circumferential stress field is tensile. Cracks initiated in this region grow to form meridional planes. If the collision energy exceeds a critical value that depends on the material's internal structure, cracks reach the sample surface resulting in fragmentation (see Figs. 5b and 6 ). We discovered that this primary fragmentation mechanism is surprisingly robust with respect to the internal structure of the material. Impact simulations were conducted for different collision energies. For the particular size of samples we simulated, we find that a critical collision energy of 0.8 mJ is necessary to fragment the system. Further increase in the impact energy produces more fragments with smaller sizes, but usually leaves at least one large fragment. For all configurations, a sharp transition from the damage to the fragmentation regime is observed, with critical collision energies being smallest for monocrystalline samples. The mass distribution of the fragments follows a power law Pam 2a with an exponent a < 1:6 for small fragments that is characteristic for the branching-merging process of unstable crack growth. Moreover, this exponent depends only on the dimensionality of the system and not on the microstructure (see Fig. 5c ). Hence, attempts to reduce energy in comminution by manipulating the clinker microstructure have a rather limited potential with respect to this fragmentation case. 5 a crystalline phase for alite (C 3 S) and amorphous phase for aluminates (C 3 A) and others, b two largest fragments for multiphase samples (red bonds resemble amorphous crystalline, green ones intercrystalline interfaces) and c fragment mass distribution for different microstructures 18, 22 Advances in Applied Ceramics 2015
Energy dependent PSDs for impact fragmentation are important for the simulation of the outcome of ball mills; however, one should note that fragmentation by impact above the critical energy is nothing but one possible way for size reduction of clinker as simulations of IEDs reveal. Attrition, impact fatigue and fragmentation inside the granular bed with multiple contact points resemble cases that need to be studied separately to provide further realistic 'fracture kernels'. In addition, it needs to be noted that larger microsections of clinker exhibit voids and cracks that point at large residual stresses that were not considered at this time.
Simulation of ball mills
Simulations with DEMs have been employed by numerous authors to study particle dynamics in a variety of tumbling mills. [23] [24] [25] [26] [27] While a cement mill operator is principally interested in global behaviour (e.g. particle size evolution during mill operation), this is determined by phenomena occurring at the microscopic scale, as described in earlier sections. To gain insights into how the presence of GAs influences the efficiency of the comminution process in an industrial cement mill, both a full scale ball mill and laboratory mills have been considered. Although we are ultimately interested in predicting the behaviour of a full scale mill, laboratory mills are considerably more flexible and accessible for both experimental and numerical studies. Such mills are therefore used extensively to obtain detailed experimental measurements that can provide insights into the comminution process. 28, 29 In the proposed multiscale numerical approach, laboratory mills are best used to study the evolution of the PSD based on the previously described microscale breakage models. In the present study, particle breakage has not been modelled in the mill simulations. Of particular importance in this study, however, is the determination of the IED, which not only provides a basis for comparison between mills of different sizes (i.e., the scaling of results) 30, 31 but also a means to link to the microscopic modelling of the breakage of individual clinker particles.
Planetary mill
Discrete element method simulations of the particle dynamics in both planetary and laboratory scale ball mills have been carried out. A spring dashpot model 32 has been employed to determine the normal and tangential collisional forces and torques acting on the particles. Presented here are results for a commercial planetary mill, the Fritsch Pulverisette 6, which is a small but convenient device for studying comminution. This device has a grinding bowl of 100 mm diameter rotating at 220 rev min 21 and mounted on a disc counter-rotating at 400 rev min 21 . 23 The ball charge consists of 25 steel balls of 20 mm diameter. The operation of a planetary mill can be modified by changing the rotational speed (while maintaining the same ratio of bowl and disc speeds), by changing the size and number of steel balls and by modifying the clinker charge.
The purpose of DEM simulations was to analyse the effect of such operational changes. Figure 7a shows an example of the instantaneous charge position and IEDs computed for a planetary mill containing 100 g of clinker particles. The corresponding computed energy spectra are presented in Fig. 7b , where the dissipated energy is binned logarithmically with 20 bins/decade. Low energy collisions between clinker particles and high energy collisions involving ball clinker contacts can be associated with the observed two peaks. This information can provide the impact energy required as input to the particle breakage modelling described in fragmentation study, enabling a prediction of the evolution of the PSD due to comminution. Preliminary studies for the planetary mill indicated this approach to be promising, although its accuracy remains to be confirmed by validation studies.
Cement mill
An industrial cement mill generally consists of two chambers, the first containing large balls and a lifting liner, and the second containing smaller balls and a classifying liner. For the present study, a mill of 4.4 m diameter rotating at 15.2 rev min 21 (*75% of critical speed) was considered. Although DEM simulations of the complete mill operation are not feasible with current computational resources, these requirements can be reduced by considering a short axial slice of each of the mill's chambers and including only the ball charge (i.e. neglecting clinker particles). 25, 26 These reduced DEM simulations can, nevertheless, provide representative IEDs for a large scale cement mill. Figure 8 presents a comparison of the IEDs computed for the two chambers of the cement plant mill and for a planetary laboratory mill. It can be noticed that the first chamber of the cement mill provides the higher collision energies necessary to break large clinker pieces, while the second chamber enables finer grinding at lower collision energies. It can also be observed from Fig. 8 that, by varying the rotational speed of the planetary mill, the peak of the collisional energy spectrum can be tailored to match that of the cement mill. Since the energy dissipated in clinker particle collisions is central to particle size reduction, it is reasonable to conjecture that comminution characteristics of the planetary mill will then be representative of those of the full scale cement mill. The resulting evolution of the PSD can then be predicted based on the results of breakage simulations proposed in particle fragmentation.
Summary and outlook
We have combined diverse multiscale modelling approaches to obtain new insights into the complex industrial problem of clinker comminution. Atomistic MD simulations quantitatively show that reducing the agglomeration energy is the main function of GAs. Microscale DEM simulations of particle fragmentation with multiphase properties obtained from the atomistic simulations give fragmentation thresholds and insight into the role of different phases. For impact fragmentation, crack planes are not substantially deflected at grain or phase boundaries, which is important with the reactivity of the cement in mind. Laboratory mills (especially the planetary mill) provide a convenient framework to couple the breakage dynamics of individual clinker particles with the global IED computed using mesoscale DEM simulations. On the largest scale, the behaviour of representative axial slices of the two chambers of a cement mill has been computed, proving that impact spectra can be comparable with those from laboratory mills. To summarise, the energy spectra obtained from DEM simulations provide a quantitative measure that forms the basis of scaling the behaviour of a laboratory mill to that of an industrial mill. A holistic numerical simulation methodology for industrial cement mills, including grinding media and fragmenting charge, will be most likely unattainable for a number of years. Nevertheless, today's computers are sufficiently powerful to identify and analyse important physical phenomena occurring at very different length scales. These phenomena can be studied in more detail by isolating the essential aspects from the global problem and studying them individually. As demonstrated in the present paper, atomistic simulations can not only play an important role in determining the relative efficiency of different GAs but can also give quantitative information on properties of clinker phases and their surface interactions. For an ideal stress free clinker, this would suffice. However, in future works, disorder and quenching of clinker should be simulated to relax the assumption of stress and defect free systems. Additionally, studies of attrition, fatigue and bed fragmentation would enrich the fragmentation scenarios available for the more detailed simulation of comminution in cement mills.
